up) contrasts and the balancing of contrast increments and decrements serve to keep the time-averaged contrast during the experiment at the adaptation level.
Examination of the time course from a representative voxel taken from one subject's retinotopically mapped V1 shows the BOLD response to the various events in our experiment (Figure 2A ). During the baseline phase, the time course is flat, with some fluctuations. Soon after we turn on the adaptation stimulus (yellow arrow), the time course displays a rapid rise followed by a slower decay. We interpret this decay as a signature of neural adaptation and analyze it in detail in Figure 6 . Following this initial adaptation period, the time course exhibits transient peaks following the times that we increased the contrast by 1 or 2 octaves (green and magenta arrows, respectively). Following the times when we decrease the stimulus contrast by 1 or 2 octaves (purple and cyan arrows, respectively), there are transient dips.
To use these transient peaks and dips following contrast increments and decrements as a measure of the contrast response, we first estimated the average response to each contrast, using a deconvolution procedure ( Figure 2B ). This procedure, without assuming a shape for the hemodynamic response, takes a stimulus-triggered average and assumes that any overlap in 1996; Dale and Buckner, 1997). After an w3 s delay following increments in stimulus contrast, these hemodynamic responses exhibited a large positive peak folstatic contrast levels are unlikely to signal biologically lowed by a longer lasting negative undershoot, classic relevant events, changes in contrast, regardless of features of the hemodynamic response (Kruger et al., whether they are increases or decreases, may signal 1996). These hemodynamic responses were scaled by important events to which our visual system should be the test contrast, displaying a larger response for 2 ocsensitive. Contrast adaptation is a process by which taves than for 1 octave (magenta and green curves, neurons adjust to slowly changing or static contrast respectively). Conversely, hemodynamic responses to levels, thus reducing our sensitivity to these uninformatransient decrements in contrast displayed a transient tive features of the visual world. The response property decrease in the BOLD response that also scaled with of hV4 that we found is the expected signature of a the magnitude of contrast change (purple and cyan process that counterbalances slow adaptation to static curves). contrast by being sensitive to the salience of dynamic We developed a procedure to determine the significhanges.
cance of event-related activations on a voxel-by-voxel basis without recourse to the more usual practice of Results averaging together the response of voxels in a region of interest (ROI) defined by activations from another exMeasurements of Contrast Response Functions periment. We first calculated the amount of variance with an Event-Related fMRI Paradigm in the raw time course that was accounted for by the We measured blood oxygen level-dependent (BOLD) hemodynamic responses such as the ones shown in contrast response functions for three different levels of Figure 2B . This value, r 2 , is equal to 0 if stimulus-locked adaptation contrast (6.25%, 12.5%, and 25%), using an events in the time course do not account for any of the event-related stimulus paradigm (Figure 1 ). After an inivariance, and r 2 = 1 if these events account for all of tial 30 s baseline phase, we presented the adaptation the variance. The distribution of r 2 for all voxels in a stimulus to the subject for 60 s. During the whole exvolume for one experiment ( Figure 3A inset, green bars, periment, we instructed the subject to perform a detecmostly obscured by blue bars), shows a broad distribution task on the fixation cross, to keep fixation centered tion of values with a mean of 0.09, reflecting the fact and to provide a control for attentional state. We tested that the majority of voxels in the volume are not being contrast response by incrementing or decrementing the activated by our stimulus and therefore have low r 2 valcontrast by 1 or 2 octaves (an octave being a doubling) ues. To determine which of these r 2 values were higher for 3 s. Contrast was the only aspect of the stimulus than can be expected by chance, and were therefore that we changed during these periods. After each test significantly activated by our stimulus, we randomly contrast, we readapted the subject with the adaptation shuffled stimulus times and recomputed a distribution contrast for 8-12s. This stimulus paradigm, adapted Figure 3A ) to produce a false alarm probhemodynamic responses of significantly activated voxels (p < 0.001). We first calculated the response to the ability of p = 0.001 validate this measure of activation in two ways: (1) Voxels that have r 2 values higher than adaptation contrast as the difference between the mean level during the experiment after the adaptation those expected by chance were clustered in parts of the early visual cortex where they were expected to be period and the mean level during the baseline period. The rationale for this measure was that for the majority based on retinotopy; and (2) the hemodynamic response functions of these voxels were all of the classic of time during the experiment, the adaptation contrast was presented, and the test stimuli were balanced for form ( Figures 3B-3D) . At a cutoff of p = 0.001, the image in Figure 3 (cropped to 48 × 48 voxels) is expected to contrast increments and decrements, thus making the time-average contrast the same as the adaptation conhave 2.3 voxels falsely classified as activated and has two obvious false positives located outside the brain; trast (see below for discussion on possible sources of error). We then fit gamma functions to each of the hethe mean and SEM of the contrast response function constructed from all significantly activated voxels (p < modynamic responses ( Figure 2B ) and used the peak 0.001) taken from eight experiments conducted in five of this function as the response to each of the test condifferent subjects (two subjects were tested multiple trasts. These points were then plotted above and below times). The number of voxels used to construct the the response to the adaptation contrast. We discarded curves for 6.25%, 12.5%, and 25% adaptation for V1 voxels with a response amplitude higher than 5%, as was 51, 74, and 77, respectively. For V2 there were 34, these were likely due to signals from large draining 46, and 39 voxels, and for V3 there were 11, 15, and 22. veins, and voxels in which the amplitude of the gamma Examination of these curves reveals that the primary fit was not adequately constrained by the data (varieffect of adaptation is to shift the contrast response ance of the amplitude parameter estimate >50% even when all voxels in the retinotopic ROI were included. However, as more voxels that were not actianalysis, we required that a voxel be activated at p < 0.001 for all adaptation contrasts tested (which were vated by the stimulus were included in the analysis, the contrast response functions become correspondingly three contrasts, except for two of the eight experiments, in which we collected only the data for 6.25% more flat. This effect is most pronounced for area V3, which had the least number of activated voxels, flattenand 12.5% adaptation contrasts for one and only the 12.5% adaptation contrast for the other). We adjusted ing the curves to such an extent that the consequences of adaptation on contrast response were obscured. three parameters in the fit; the center (c 50 ), the amplitude (R max ), and the offset. These curves fit our data To quantitatively assess whether the method of selecting voxels for analysis affects our results, we persatisfactorily, accounting for 93% of the variance, on average. The distributions of the c 50 parameter for difformed a nested ANOVA analysis (similar to that above) on all voxels from V1-V3 defined using the ROI method. ferent adaptation levels in V1 ( Figure 4A, second In estimating the response to the adaptation contrast, To test the statistical significance of the qualitative we used the mean during the experiment, which may results reported above, we used a nested ANOVA in be subject to two sources of error. First, though the which we tested the difference across adaptation concontrast increments and decrements were balanced on ditions among the data for each voxel nested inside a log scale, the neural responses may not be comgroups collected on different days from different subpletely balanced, thus contaminating the estimate of jects. This analysis confirmed the difference across adapthe response. Second, our high-pass filter, though set tation conditions of the c 50 parameter for V1-V3 (p < to be quite conservative, could have filtered out differ-0.001) and found no significant difference in means for ences in adaptation levels. To test whether these facthe offset and R max parameters (all p > 0.7), except for tors might substantially change our results, we recala difference in R max for V2 ( . We also tested only two relatively tion data than for the postadaptation data. For examlarge test contrasts, 87.5% and 12.5%, from an adaptaple, when the stimulus was 6.25% contrast versus 25% tion contrast of 50%, in an effort to elicit large recontrast, the difference in response for V1 was 1.09% sponses. The second, and more fundamental, purpose of BOLD response. After adaptation, this difference of this experiment was to test how rapidly contrast decwas only 0.28%. Taking the ratio of these values reveals rements had to occur to evoke positive responses from that the contrast sensitivity was 3.88 times greater behV4. We therefore slowly changed the stimulus contrast fore adaptation. Contrast sensitivity measured in this (half a period of a sinusoid modulation), rather than preway was 3.10 and 3.37 times greater for V2 and V3, resenting it as an abrupt change ( Figure 8A, insets As expected, we found that V1-V3 responded with V1-V3 is decreased and would be expected to result in a lower response in hV4. By closely examining the positive responses to contrast increments (top row, Figures 8A-8C ) and negative responses to contrast response in hV4, we found evidence that the initial positive hV4 response to contrast decrements is followed decrements (middle row). These positive and negative responses scaled appropriately with the stimulus lengths by a slower negative response. This can be appreciated by directly comparing the positive and negative re-(magenta, cyan, blue, red, and black traces, in ascending order of durations). In contradistinction, hV4 exhibited sponses (bottom row, Figure 8D ) for the longest duration (12.5 s) of contrast change (solid line indicates a positive responses regardless of whether the contrast was incremented ( Figure 8D, top row) or decremented difference-of-gammas fit). The response to contrast decrements (red trace) is initially positive, but then ends (middle row). We note that one response (to the shortest length) in V3 (magenta curve, middle row, Figure 8C and not a decrease in neural firing. If this were the case, we would expect this negative portion of the response One puzzling aspect of these responses in hV4 is that as contrast is decremented, the visual input to hV4 from to scale with the initial positive response. In particular, Our technique allows us to analyze only voxels that has a larger initial positive response. That it is not suggests that the negative component is not simply a are significantly activated in the event-related paradigm, thus improving the quality of the signal that we poststimulus undershoot, but may be due, in part, to a decrease in neural response after the initial increase to measure. the contrast decrement. For all five stimulus durations, the negative component of the response was more Possible Mechanisms of Adaptation Adaptation is unlikely to be simply a passive consenegative than that in the positive response; on average, the difference in the minimum of the fits was 0.28% of quence of an inability to maintain high firing rates due to a lack of metabolic capacity, i. suggesting that it is an active process regulated by the cortex. Our data suggest that this active process of shifts of contrast response functions were evident for V1-V3, hV4 showed a qualitatively different response adaptation also serves to reset the metabolic baseline, producing less demand for static stimuli and thus reto contrast decrements. Earlier cortex showed positive responses to contrast increments and negative reserving resources to sustain higher levels of activity necessary to encode changes in contrast. This suggessponses to contrast decrements, but hV4 showed positive responses regardless of whether contrast was intion is based on the indirect relationship between the BOLD signal and changes in metabolism; the part of cremented or decremented.
the BOLD signal that we analyze is dominated by a signal induced by a change in cerebral blood flow (CBF) Methodology To test contrast response without significantly altering that overcompensates for changes in the cerebral metabolic rate of oxygen consumption (CMRO 2 ) (Buxton et the adaptation state itself, it was imperative to use brief test stimuli in an event-related design. We implemented al., 2004). However, CBF and CMRO 2 are usually coupled (Hoge et al., 1999), suggesting that our measurean analytical technique that did not make assumptions about the shape of the hemodynamic response and ments are positively correlated with metabolic demands. If adaptation is caused by an active hyperpolarization used the event-related responses themselves to determine activations. We believe that this technique was of cortical activity, this process is metabolically efficient, requiring less metabolic resources than simply critical for our measurements, not simply because it allowed us to test contrast sensitivity without inducing maintaining activity related to stimuli that do not change. Early experiments with contrast adaptation found significant adaptation, but because it allowed us to make measurements on a voxel-by-voxel basis. Eventthat contrast gain shifts were present at the level of striate cortex, but not at the inputs from the lateral gerelated experiments often average together the re- This type of response in hV4 that does not distinguish between increments and decrements in contrast may ral, and not hemodynamic, adaptation.
Our study uses both positive and negative BOLD rebe functionally analogous to the way that complex cells in V1 signal both increments and decrements of lumisponses that may not be directly comparable. Indeed, we have noted some differences in the temporal dynance. It could, in principle, be achieved through rectification and summing or squaring of the output of neunamics of the two (Gardner et al., 2005) . However, there is no evidence that the magnitudes of these positive rons in earlier visual areas that show signed responses to contrast increments and decrements. However, there and negative BOLD responses correspond to different magnitude changes of neural responses. Even if this are no known cell classes analogous to on-and offtype LGN cells that respond with positive responses were the case, differences in the magnitude of positive and negative BOLD responses would be expected to to contrast increments and decrements, respectively. It therefore seems likely that the synaptic mechanisms in affect all of our contrast response functions, thus changing the shape of the curves, but not the horihV4 that give rise to these responses are qualitatively different from those of V1 neurons and may involve zontal shift with adaptation. where A is the amplitude and τ is the time constant. 1995). Each stimulus presentation was followed by 4-8 s of gray. we used a permutation procedure. We randomized the stimulus We computed hemodynamic responses and mapped the meridians times so that they were no longer time-locked to stimulus events. as the difference between the peak response to the horizontal and We then recalculated hemodynamic responses for every voxel in vertical stimuli. We then marked the visual regions as areas that the volume, using deconvolution and then recalculated r 2 values. extended from one meridian to the next along the gray matter, We took this distribution of r 2 values (randomized distribution) to using BrainVoyager (Brain Innovation, Maastricht, The Netherrepresent the distribution of r 2 values that would be expected by lands). We combined the dorsal and ventral aspects of V1-V3 since chance correlations of noise with stimulus times. The tail of the real we did not see significant differences between them (though our r 2 distribution had many larger values of r 2 than the randomized slice positioning tended to oversample the ventral areas). Human distribution, which we took to be voxels that were significantly acti-V4 (hV4) was defined as the ventral visual area that continues latervated. We then computed p values based on the randomized distrially from V3. This area, typically located on the medial lip of the bution by finding a cutoff that included only a desired amount of collateral sulcus but avoiding the depth of the sulcus, corresponds noise voxels-for example, 0.1%, by picking the r 2 value of the mostly to V4v defined in other retinotopic studies (Hadjikhani et al., voxel that ranked as the 99.9% highest r 2 value in the randomized 1998; Sereno et al., 1995). These ROIs and each functional data set distribution. With a cutoff chosen in this way, we expect in the real were then registered to a 3D anatomical image of the whole brain. data to have 0.1% of the voxels deemed activated to be actually We determined whether a voxel was in a particular visual area in a noise voxels with spurious correlations with the stimulus times strict fashion by requiring that the voxel overlap with the ROI for (Figure 3) . The cutoff value was determined for each scan individthat visual area and not with any other ROI. ually.
To quantify the magnitude of activation to each stimulus type, Acknowledgments we used the maximum value of a gamma function that was fit to the data: J.L.G. and P. 
